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ARETE: T 6G 2% ) e T SR AR SE N S A5 T S5 4% 1

55 TR S o A 8 K T O A AT AR I S P R, i BB k)
HR DA A5, BT i SN R R B A 2 i A 28 RIS (i R AL R L I AR ), I
KO RS B (status information) {58 £ H| O (515). 5G/6G M2 H R ABIRZL (massive
MIMO) RS EXFEIRASME E (channel state information, CST) HEAT SEMI i1, I [Fl4% 28 JE k.
DRI, B 7@ RE IR T SE PRI AE IS, 2 Ab, 38 TR B LR G 5 AN (sensing) 15 (computing) F1E T
(updating) R PRI AT EENE S AEMY. 545 48 k2% b T P o A2 BOAS U2, (user information) AN, JX SR
EEAEA W 2 A B, T H— B SR AT R (Markov) P, BIPRE KA, B PREE
SR LLE BURIR PR B, BIUAE(S g Ab R 7 2Ok B ol PR A5 B EIAT ) iy BB SRy, 7]
I, 3 TR A [FE BAEAN R IG5 N (B S RE AR PG, 15 ] 78 0 45 TR RS2 IR A1 0 A S A
HEREENGER, B, Wb rLgtEgedRts, ki, i E e RE, B URRIRE E
Bl S5 R K. AT RAS T 55 R mR A RS B 190 45 1 B U5 B8R 3 2 S, & AR R Bl A5
oA 2% T s 14038 b k.

SEE— DM, T ) R SR R E e AR BE A5 S AR P AR ) JE AL AAERIHL AR 5% 2] (machine learning, ML)
5 NTZRE (artificial intelligence, AT) BF X, ARG JE I 281 S IR 87 B 0 L6 8 ) 2 ZEIOY G (smart
networking) FIH%7AE, HI iy B2 REAL IRV 5% 28 s FH X 28 75 m g 4207 (7 b 2 5 245 B e R M A PR 78
i (in-network computing, ?'j—:mﬁ‘ﬁ), SEI G R R SR L SR AE I AR B AR AR B A L ?ISILEE, 2
287 MR KR I NTHEL SRR, AEREAT 20 A1 205 = 5 YL S i [ I 29 R 32l 2% 28 i iR TE AR 55, T Ak
—MEE SRR RS ML, TR, R AT EEARAE TR R R B AT, R R
ME7E— R, MLEES R A T, RO AR TP WA IEAE, iz B R SR TR TR
Pk

i EPTR, m SRR L S i RN <y A E R E A, MR R T SR
HPA T AT FEVERSE RS, R IB A . TH AR R K S R S AE 7S, 7E2E3KR 99.999%~99.99999%
F T SEVE R A I, SEZEARFEARE 1 ms~100 ps KM IER DL AGR P R R E R £13) (RIFTEH <
TEVEIAE™), XA A A5 i FE B A RS Sl A5 R YR — AN EORPkAR, BRI EE o2 At m = HoR
(R i M DASE I, TR 2R G I 48 Z AN S5 IEHOR, IR (5 BhE 14 5 N T8 Re RS 3L Ffg . Ak
ARJ7E, LU R #FRN uRLLC? (ultra-reliable and low-latency communication, computing, and control).

ARSCH SR AT S 5 SE I R PR BEAT R, 200 4 AR I AR AN R IR B T SRR S R E . AR
J&, ¥ uRLLC #E& R BT S M35, I DR IR ZE 8 e d2 ) A0, fEHR (5 SR i
FEE BAFES (age-of-information, Aol) PEREFRARIIEEAN b, $&H—FP B 2P (timeliness) FRAEF
R RS (urgency-of-information, Uol), FE AR F45 H LR Uol B X FEAILHIFEBhZ&
Ui Y FE S P B, SR UE T EE Uol FaAw it 24 k.

2 SREMHRER: NET R

W& 5G, 6G MZE K AR MAE SR N 5 N IEAE B8 I I 30 59 B ) 2 BN, 4% b AL i
[PA5 BASFE R X P 2% 3% B i 2% FH {5 S, (user information), 582 (& 8 1 SIEI AN 36 B8 H 1fi
BRI RNEIRES(E B (status information) PAKZTEMTHE (in-network computing) i 27 75
B H MBS TAE E (data/model information) 5§, [K b n] 555 G i 114 8 225K B[R] B 6 25 38
B itESEGIERE. AR EE R AR E 1 R 28 BRI S T8 R Pk R E N
(multi-agent cooperative perception) 1155, fEUMITFEH, FANGEAR ((BUR) 352 0B G AN [F] 1)
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Figure 1 (Color online) Schematic diagram of the multi-agent cooperative environment perception system

AR EAT I, SR a R i 2] 45 BIC R B —ANME RO (fusion center). JLEHL (fF1E) M2 @i
Bl 2 ) 8 N LR RT3 T 45 (training) FIHENT (inference), JFH4 NS5 IR S i 4h 75 5K 77 R
RIVRG A 3 3SR RS PR B IR TN R AR 1 AR A, VI SR e o U)o 308 R 8 e R T B AR i T ) R
B, FEABIEAR, BE A B0 AR

A, uRLLC? LS5 R “RIFEVE” &5 “IEI” S92 35 KPR, i 7 s AE R i S
HIZER, Ty HL W #2 AH B S A — i, 75 2 S AN AT /) .

TG, ATEEYE (reliability) F8 F & 7ERLE FOIN R) A B DAL Am AR 22, & mT DUR I 4 73 i 4 S Z IR

Level-1: [ifif it 3 o] LAAE4ar, RIAT AT (BT AT b f 3345 W28 75 (connectivity).

Level-2: B AEHIRERT, BV EICINEAL, fRIE— 2 MELE (throughput).

Level-3: &k K% i 151 B 7E 25 7€ I [A) 9 e Tl A% i, RO DR [ 45 5 I (8] A B A3 207 it & (timely
throughput).

Level-d: BEAL 4 BEAE 45 7€ I W) A RSl B0 7 Mt A% A, RIDIR) I DR S5 R0 e B R G PR A I
(timely and deterministic throughput). X SR _E A 2 T R B A A 2B B R FIO 7 AR A R
D 11 [E] I FEARAE IS £1 3 (jitter).

FHRLHL, SERS (latency) Fi& F /215 B AT RE Pt & 14 B HC, & W] LA 4 DNEIR.

Level-1: 2= BRI IER] (air-interface delay), BPAX AL S AN 25 Hh AL B S A

Level-2: 2 ¥ IS i A 388 (5 LE B (communication delay), B ik AN T 15 X 4% A% B e B

Level-3: {5 242G BAEH /5 ELERF (information delay), BI{E S M B0 8% AR BGR Z1 21 15
ST IEB ROy IE R SERS . 7E V) RE Ph [R) R AR 38 ) 55 R Gt b, AZSE I [k 7R ot
BRSO (F BT rERIPIRESE B S SR T 2m (5 BAERTT) BIDRESE B
Wi JE (lapse) P2 SRR (B 1R Z (temporal distortion) FEE, B A& 7 IEGN. . ALHISEIATT HILERT .

Level-4: {5 AN B 15 BB 20 (information timeliness), BI{&E EFE 77 2450 T A A IR
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ARETE: T 6G 2% ) e T SR AR SE N S A5 T S5 4% 1

DB BRI, & REISEAE BRI A B, MOGEAN R RN A5 52 145 BB I X RS RE i
SEMARE L. A FORHE BAE N L 9IRS E BRI TR 22, TS S5 I 250 s Pl 8 PR 25 A5 SIS ) R 2200 %
GERSTRBOHHIRZM, HASR] 35 72 K/INE AN TR A5 5581 X 2 280 B 52 10 T REAF AEAR KA 22501

LUE e 2B 9B, 8 (5 B AR RTT) fERTHE R o m %I4T Bk SERHAL B L R2 3Ty
), BBl g AR E R, BRiL T (5 B J7) MRYEIE & DL A L AR E Bl
PEALERN T RESETH S INE AT IZ M DS, I TR SRS R AR 28 DR LA ] 22 A R € L A2 5.
M T2 E H A2 L o AR i BT 2 IR, B2 B o0 7 S i P A 7 A i A AR A 2 BFE , A
PRI RS B DAAE R AL AR A I B I 453 21 ST, DR] b 22 0 e ) ke SR A e DL R B AR e 0 P S 128
[FIS, AL T A FIE S AR, W51 AT BEM B % RN S E B+ B O 40, SRS
ST S I R AT e B A AR, AR, o B K R ZE R B . AT L, R A o8
1 Level-1 JE IR AT SEPEAIGERS, BY=AE SGTT T SEPE 1) [F] I AN 28 RRAE I £ 0, B0Re 72 OV B I ) [R] i
AT EEVELR, WA RS, AR HZIEL ARQ (automatic repeat-request) 734E (diversity)
fE¥ . HiEL (short-packet) JEASSFHR AR KE—EMER. HBERIHESAET Level-2, Level-3, H%2
7& Level-4 AT SEVE 5 & ORESE, HO6 AT S A0S I [A) I EAT 2O R 5. SRR A2, T EETE 22K
R AE DR BT S5 SE I P R il _E 3 B CRAE AR A I £ 50y, FL 28 R e PR AE i) (RSB I i AN v 1k
SRR AR NS/, XY 55 75 5K 5 48 B Y R P S A AR A IR Bl A5 M 2R U — S A
Pk

S, THT ) AR SR 2 FEAL O 2 ELR ], ARp ) i R SIS U 5 2 o) 2R B, R Bl (5 AR 48 I 2% g
JIEE VI H L G B LA A

(1) MR fi) SRV ] FE PR 3

(2) AIGTEEAF LE I [7) DVFAR SIS R T ik

(3) MRV X SE I [ SR A 7€ 1k IS S v 2

3 uRLLC3 HBALHLEBR

T F, HEBAE (queueing theory) & — [T FCBENLNL 55 5G|, PR FE AT 5% 5 G ) 25
55 o3 B 3R, b 55 75 SR 5 24 B IR EL DTG B B8, R AR 2 250 il e Bk Bk B R 4 (0 J8
AER. AT AHERA IS b LA BB B A E B R, 2508 uRLLC? B SR it — 28 25 5 7, A
P 2 A T ] 5 2 IR R0 ) i U 1A 2 SR s DA% T 1) e 2 S 47 v F) e DS PR IR S

R ZEPERE T %, Rl R BORIE RS £ R A IR 2, A HEMIZE dn4h sty . SR E . IH S
R SRS, H ok, £ L EMB RS AERE —ES KT K, Bk % H
SRANGHIEAC B AR e, AWM AR AEME. 152, WF 5RIERFEYLE (randomness) A4
Fe A S I 4 4 2 1 B LRI, XA IR T IEAE Y R 1 R S AT R AR R DA S B AL R R . Hh
I FE B2 —ZHBAR (queueing theory), B /& T [ THTFFE ML 55 5 W0 4% BE AL DA K Rl S5 35 %) X 2%
PERERZ I K B0, BCUE T 20 AW HIE M A EBOH U, EHTZ A TA T REE . S8R
B TR A TS A, F AR R 2 0 Y 45 e AT AR e R PR R B 2R KR R,

Br—: NERSENAEEHIE—CRBIMS A RIRER, F5alBERERY. 458 3hHEE M
28 LB AR I A R G 1 AR SG:, JERRDN S T B Al E N 1G B 4G ByBEEE. ERBR, X
FERGIY R B HE LI 2 5G/6G 48X uRLLC? HJER.

oG, PEHAE—E Rt R B A AT SR IR . IR BB B (capacity) KR R g%
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FHEB FEREE B4k 5

Hine /7, RIEAALI B N BT Re AR i RS B, AR B PR T 1 B K AT RE e AT 55 4k, BR
e PEAR T 58 B AT 55 B SR RN 8], 177 S B 76 B AE 95 480 (B e ik i) BRE 455 7 I T) P D) 4% i 1) A
A (BIATEENE) DU 52 PRS2 Br = AR iV 55 5 SR SR A AR R LR B, B B8 — HAMER
) B v 2 v e T KA B DRI R B, B e A B BT (R W N X AR A
R, /INX AL 55 75 SR AR A B AR i 274, /INDX Ta) b 5588 1Y) 22 St R, DRI AN P — i e % iy
KA AR SENE RS . WRAEY A R L 55 7 SR A A R HL N, A FR it G e R AN 4
T, Frignrfsmne IwaR 2 1. 850 O i VURSEE % Y Burke ££ 1956 457 H TIER] (Burke &
H A RIIE VR i AR 5 e T HEAT AR, A 1 A ik 2 R R

WIRAEY 25 1 [F MY 5% 75 SR AH B H S I 3E, 84 RGefr it oA RIS n, {5 AL fy ] 58
PETCIEIRTE. X AT DU S R 2 R B (Erlang) AT LAEH, iZ A Xl HEBAS IAIZE A AL K.
Erlang T 1917 G481, ‘B 45 H R BG5S (BURAE BN AERHREUBK 1 SEi IS5 ) 72 LLYIARA IR (Poisson
process) HIFEZUBEALZ)IE G R (BT R S A ) I Fp R, o =0 [

“ |8,

Py = (1)

o %
Horp, s RORM(EIERL, 0 = N/ p B8 (N R PRV RIA A, 0 R~ FIME 5 IRSS ). w0,
RAERFERE (A THRIE p) KRS FRWANTREEE ST X Th&, IR o A%), N
A IR Py (ATEEVER)—FRIR) Ao TR WERAEY B 2 b 5 F R BENLYE A g, RISk
MREEIRK (bursty) FFPERITE, WSS RG-S A /TR ETT. RS E 2 555 76 5K S RE L
PEORFF A BGR A BT BRI, FTEEEA 2. 7T, 4 A kB OR IS T] 52 1 R o B ) 2 AR A AE )
555 TSR AGVLHT, — BRI A I F A — R REUE IR A kB AT A e L.

R, I e AR E I #2430 T SE AR50, S 4 S B S I A 25 - A e I AR R R, — JBEAiE
FIERS (7 75 380 C2 v g, BUAERS 7 22 51 BB 7 K BB R OR. IERAE B T-HEBNE, 5 R — M
B M /M1 AB, BN S5 FIA SRR ZEON X BARAERE, BT IS5 I R AR M S B0 1 4R E07>
i, WA —MIRSE, W55 A5 18] (SER) BI35ME 577 22 R 8000508

_ h
W, = 2, 2)

C2Wq = —>1, (3)

Horb p= N p RS0, h=1/p R PFEER. W, WRAERSEE (4T3 p) WFEE
b 25 F SR BAI NI = TG (T A TR, OREF p ANAR), UMK S5 SE R ()PP (E 2 TF B, (ERERT B s A
= NEE, AR RT 1, R e i AP A MR A BRI RE80 (L TR EAn ik sh). ank
FEY BRI AL 55 5 SRIEA RGN, B p TRE, WL 55 GE I (- BB 2 ik — 20 T R, HIEREL A
AT, Rifiex ETb. $5 2, RFIRER, 2 Mk DU BREER Y ELSEE . BRI, SRS AT
FE—ERE L B BRI AE I, (HAERF (3 shal RE K, 345 F 7 XS SE I (R 0628 22

BRI BRAS R ZFRABEN M RIS T RIRERMBRIERE. TR, N7 LI uRLLC?, &
FAE BRI MY 55 75 RN 28 BH 5 (8] 3L A DL RCAHL. Jyitt, 2% 7 BEARAS BN R s 5 8 g, iVl
N T RESE UMY 55 75 SRASORS HE TN, B 1 4P g LBl AT B <5 - BUSL B 4 284 5 5t
VR EZhA AR, [, BT Level-2 4% LA R RIFEPEME S 0 X 1A B PIEL R PR RE, M2

1271



ARETE: T 6G 2% ) e T SR AR SE N S A5 T S5 4% 1

A0 7 HEBA YR EERT T S A R A 4 I o B i R e, HY 5% R SR 2 RIEE R BEALIE, DRt s B
T HERAE Ok TR R UK.

WIRTHTR, HFRS 2 W T RENLIM 28 FREE AL S5 BEALME 32 PR BTV o S0 D0 550k P 28 et L 1Y)
ZEGEIS | DL R AR R ] SEPE S S2 e () BEAG . R IE T A s I AR T, B ROV T S8 B LB e ok
T RER R, HAZ O A5 2: WSS BEALIE 2 28 P Re A 1) 3 B 3R, HRENLIEEROR, [R) 56 9535~ 1 H
J1 QoS HEZE . BEUEM| FH FBRAR. PRk, BARR = 2SR RE, FRARNY 25 A RS ik R BEATLAE AR A

AR, b 55 380525 8] b A0 IR 55 10 18] 321 il MR B REZR 0 A ) G/ G /1 HEBA R G2 101 S S5 A5 I ) 2
N ) Kingman ¥TRL 23 2 14 , ,

h(Cy* + Cy
Wy ~ p(2(1_p))’ (4)
Horb p= N RS HER, =1/ NFEIIRS BT, C,° NEIAFIBE T 2 R4, 2 s i iR 75 2
FRA T, SRk 8] BRI IR 55 B RIS AN AEAEBEALIE, BP A5 RIBE BIA IR KRS (C.° = C® = 0),
WITENE S R 2K, PSRRI (3 09 2. {H 5 12k 8] B 38 A 5 i TR R B AL PR LR (O, B
Cy? BOK), BNV 55 i, P35 Rt I A P RRAR K. BRIL, DA 7 BEAAE I, Gt SRlb 2% 67 87
155 B 1) 253 3 DA P B AIG V018, EL 2 280 ) I o A 38 e R A R 55 1o 2 ) B AT LA

ZEBIRE, N ZEIEAZIESCER [5] 4R H T — AT K (water-filling) JR R D45 )7 22, A
AR R AR A T8 SR A I N ROR S D6, A5 38 SR A N R S D3R IR 127 ik Al i 5 1E
IR B K. (HIXFE 1) T 245 7 S AN P G b 2 08 RRUAS T IR 55 28 IR KR P 0 3y (53 %A 4 i I
F R, ASE KA RS TN, BRI ] ) 77 2 RECKH AR K. £ T FIR K Kingman ITAA
AT AN, PR IR SS I 8] ()£ 3 R MAC EHEVE R HISERS, BRIk & K E, WEERT BAR L
REM i SR S BRAE IS 1Y) T .

EH G TT R0, SEIP 5% 75 5K 5 000 28 B U e pAe DU T 19 G B 2 ARl 28 R B IR I BEATLE. IR 4, 72 5B
RYGirh, HA WL Tk AT ARG S Ik o R ik 55 1 A R B AL g 2

(1) EF3hE 5 2HAEFE, —NAATRIIMERL ST (traffic aggregation), FAZANA R
11BN (superposition) 1 FRAGE T35 H R PERITARA IR B, 2988 4 S JF A0 55 1 9 R AR /S,
AT e BEREAT WSS SE, BRI R G R BEALME SO AT e R TIE AT R, 55— 8 R M2
35T (traffic shaping), RUIEIT#ETE A8 (shaper) SKUHBO 55 I REALE, 323 (1451 A2 B Sk S50/ o] 2%
(time-sensitive network, TSN) (6.

(2) BFRHAR SIS RE, —ANH I IR B AR A B2 BB 3 70 Bl ] G 8 ) 0, 2R g 48] 7 i
#& ATM (asynchronous transfer mode) %%, B K ) B2 7 F BN TR (resource block,
RB), #5723 F OFDMA (orthogonal frequency division multiple access) ¥ A K125 VU4 F2 518
SBRG. BATATHIRE RS EAR (traffic offloading), I /AL S RS, SEIMY S5 ¥ 4
R, AT AEEHERARR I E A4k, Eean, dn AR 2% s 1A R R E i EGR EFEEUDN, WSE ISR SS (first
come first serve, FCFS) FIHEPAE AR (BB} 30 B /)y, dn R AR 55 i [a) £ sh ok, 45 5 AR 55 I 18] 458 4
FROLY 55458 PRI S U B AR Y, 910 STF (shortest-job-first) SR (71,

BRZ: REEENEMEERESMARM. BEM5ABRR. 441 uRLLC 2542 [ [9)i#
B R4, (B uRLLCS3, B “{Z BB K “f5 BN Rt ORIEE 5 22455 75 [R A (sensing)
PRE (scheduling) HRH (control) FFHA T KIIEMS 5 AT FENED) | DL A IX He b RRAR bR A 428 1] R Ge ik Rk

1) XE <Ak AR ZRECNT 1 WEEYLERE, RIA LSS 2E . AN Mg EIA KBS
2) VEE: JCIRR A W, ISR RFATT, AT RERE 5] ATHSE (computing) 1A%, PRIIHIX HLUE SCHIME B ER
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FHEB FEREE B4k 5

FHEIR2m . IXEHEBAE i AH 24 F 2Bk (tandem) HEPA R 48, OIS (Jackson 2 ) HiRFHA]: EH
/M B v R4S B AERT . CRIE(S BB R0, 5 BN T . PSR SRR B M b X 4 R U, T
XL RE . PRSI ISR AT B A TR Ak

TERGIIRTT NBRARAS B AERT . 3R s B R, (SVR R Xt H BRSSO JE L 55 % S AN b
HHEAT R, ST ST RIEEHT, RIATEN “generate-at-will” TARMEI, (65515 757G 77 RIS Al SR B8 0
REEE. HIXH D SIHFEE TR M KER TR, THEERNR RN, R da =40t 2 m
AL, NI R 2% (30 2, B b ST S B3 45 I ek, an SR T 1 48 15 TR B 3 FE B2 ok >
PR 2 5 Y 114 o P T oA AR 00 R B R i 2 MUME T A 7 SR VR R o RSB B, FEUE Bt
36K, B4 15 R Ak k.

TEYEEEIRT, R R SRS AN 75 2255 FRAS PR MR A I 5 SE BT A% i HLE 225 FE AR i SRR 1 2)
WA RSB M S I E BAER A 2L (BUK) TR, — ek iR, 752000 B R LRSS e, A
Xof A5 oL S P A UK (A . T SR A0 S b A R 2 FLZ R FRPIR S R R AR K I e AR B
A S B B, DAY BT S5O A5 S A S S B AN K. RIS 2 IR AS R AR T R AR AL, T
AT BB AN E 2V FE A B RE R R IR, IO AT RE o5 R 2 B 4 BRI, 4005 HAR A RS (S B
RRHE.

TERRIATT, 518 T BN ZAME IR ER SR RS R, SRR TIOR8 ) Sk
THE AL RSk, AT WL SRR ) I IC B B T T R R . 28R, SR T B/ IMb i
By 45 B B I T O 2 M TSR R IR, R AR AR AR B 2R B BRI, WEAEAF MG T
B SXof AN [ P 4 i 22 e A S 8 U B R R R SR BV

AL, MRS 3R S T iR A B I 5o, 04 rp 75 B R ek M 28 it IR A& SR AR BIR S B
S04 ) A O P i 21 i B B, AT A4 1) R o B R OB (R PR S A5 JE B BT B O 5 LR AT e AT o
FOREE R, sl i FPIRES BRI RN, £ RSB, 75 20 e 22 Ak B IR 45 o 2 7 oK.
TE 2 i e 52 DR AN X 25 AL 3 B IR 38 52 BRI 0, A e 48 1 22 ity (140 B R0 R S ML 1) A % P9 4% 1 i
JIR 28 ML) DA g W PR 7S B8 Ml 55 1) IR 55 e 4 75 Btk — D i AL

4 BT ERERIVRSEHRRE

B, N T RIS R G R B AERS, STk [8] R TE RAFEE (Aol) BIMER, EE NfE
i (Al fety) TS8R M IR A5 S B AR I 20 i 22 ) I 8] (SR 22 1H), BRI

h(t) =t — max(S;|D; < t), (5)

Horr Sy N5 @ AN D A B A I ) SRR IS TE) B (timestamp), T D; SR G R B
B, Wl 2 FioR, Sy B ZSRAE =28 B G E Dy BRI U, W Dy 1915 BN Dy NN
Dy — S1. AW TR ZHOOSE AN RETE R (1) “T315 BAFEEE (average Aol); (2) WEMEAE A8 (peak
Aol). “FIE BAERSFRAE — Brint [B] N H2 S B E00 (015 BAE R 10 3ME, BB E A XIS Sz
EE. T 0GB A5 SV AW 48 2E A5 18 FE S0 3 B B B B, T Z 15 EVAEie (IR 4RI, W Dy B ZIH)
WEAE {5 VRN Dy — Sy

AIDL, Aol RAEMSTE (Andzilrhly) sy & 5 2 umRAS 5 EUHT % (information freshness) ITERE
Br, FAEB/INRIRAE 18 FTORA FPIRAS(E SR T2 A& o 78 M AT i 2R E B B, BT e
BT AR

1273



fRTF: T 6G W46 85 T SRR AE IS 13 151 5

Aol Control
o3 E T | |
v I
Terminal 1 I\/ —@ Transmission I
d I
7 . \ (
PP TR A Sampling ( ) 1
L s 7’ : d . @J
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Q State sampling @ Receiving time
2> (FESIRE) 5850 RILIE s (MEREE) REBFAGTEE
Figure 2 (Color online) Evolution curve of the age-of- Figure 3 (Color online) Schematic diagram of the status
information update system

TERI TR S BUA S BT SRk B Ry 17 2 4 i S R A E S ) 2 VS 17D o RO TR 2545 B R R R B
BRI, W 2 B SR e B AR 22, A 505 i M DA SN 308 S5 AR (B2 SRR B (R AR
R, 2 (0 e B AR 2 BRI BT, T B AT RE B T AR 2 RS TR s R R R AT 2, TR
Mo FEUE BB E L. #E 2, BUFEUFH) Aol TERERER B5 B REWE & H W 3T (R s 1 vl 58
k), thEORIE SRS 2 A0 15 B2 Wi (BIBURAE BAER), P Aol W LAMEN uRLLC? Mk55 AL
AR PEREAR AR, ARATURT 7T P A T £ (19135 Aol e/ IRPIRAS TE B SRS . ARSI 8 77 i A 1R K
A e 22 1), B A SR B EXHE TEAG T« BORBUE SR . DhaRfatil. SRR P RE A E .
NS Aol SALKPREE BB SIHEE D O R N A Ay a4 6 oot RS E
BRI BEHIN R RS (K 3), RCREE B RFEEERMASE A (Bernoulli) 7341, RS n LIAR
N, BATIRZERAE, R At OUOR B Bl — UORFEER (DU RIAR “1- ZRoPAL”). 58 2RI
HEAE B, BRI R SC R — A i AR HOIRASE B, HAERE T WAL IS BEEAEHE ha(t). 2
dy, (t) RN G M R EE (S AFE T, B A Hs 17 AL I 2 55250 ¢ I 2 resd i 1), 958 X
un(t) € {0,1} NWIREEHIR AL R, B u,(t) = 1 FoR&i n ENZ] ¢ BT 7RSSR, dtkvrsn

hn(t + 1) = (1 - un(t))hn(t) =+ un(t)dn(t) +1. (6)
MRALIIAL (w,,) KB 1415 BAERS B0 P 8 FE SR ms 0 Nt 2
T N
P1: rr;in Th_{r;<> sup % Z anEﬂ[hn(t)]
N t=1n=1 (7)
st Y up(t) <1, VE>1.
n=1

FINAR & r, (1) Roneuly n BEATIRE B ATRE W R I BAER I/ MA, B 7, (6) 2 ha(t) — du(t),
AT ) @ PR SR A R ST AE, HARER TN S(t) 2 {(r1(t),di(t), ..., (rn(t),dn(t)}. W0
R n BABHRE, WARGURE A EH, BIAE BFEEME r, () A2, (ERFEEE AL S
ISERERERS d, (¢) K I 1 CH 2S5 BRI 1), o0 B PPIRES BN

P{(rn(t),dn(t)) = (ro(t),d,(t) + 1)} = 1 — Ay, (8)

3) X EAFAUCE RIEE IR EN SR, ik uRLLC H «0” BERR “Communication”, XFRIR
“Computing” Fl “Control”.
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PA(ra(t), dn(t)) = (ra(t) + dn(t), 1)} = An. (9)

R P n B, WRGUIRA S KA TDRT, NI SRR 2 0, HRFEEER G A S h 1 35
TEIS dy, () RN 1, WIS R PR H R R

PA(rn(t),dn(t)) = (0,dn(t) + 1)} =1 = An, (10)
PA(ra(t), dn(t)) = (dn(t), 1)} = An. (11)

PEVNCIPRIS sur il R AR R 5|

T N

min Jim sup 5 3 aaldn(t) + ral0)1 ()] (12)
SCHR [10] EAEBZ S R AT R RSO R AAAE — A B PR R i e B2 5w, (EAN[R]FH P 22 IA) ) ok
T, SBRGCRES T8 N REIE . Y, STR [9) SIS FEA (K2R
PRI BRI B2 2 B — AN AT R Rasthoh <o B L P BN 17), I 51NRIRS B
Hafer B (24 T3EA7 53T BT i EEA A AAMRAT) X 28 0m D SEEAT A, 793 17 B0 283 - I /L, JHiE
BT AR IS 1 ) R ) e DL SR BT BB A K, BN RS (r, d)Y, 2 v > Ry W, S ik SRR BEAT 1

TNAHEAT 4, FLBIME Rq |1 F 4R H:

" (1= A4+ d\)J* —d+1-2MD L 2 g < Ry B, 13)
d:
Horp K318 T e

_ 1 * R12 Rl Rl A_l

B—(R1—1+A)J— 5t ot e (14)

TR AR 5 T 1 RLA5 R S0E  RE  F P VRE L. th TR B LR T 6 AT RERLAIE AT 5 5
IR AT, T UL R AR5 O S O3 TS 24 - 7 452 0 £ B P MR BRI AE 26 £ F, 38647
SRR RN (IR G RORAS (5 ) R IR 8. X SRR (Whittle index) 6
SRR, BITERA (r,d) FEOMRRREIE 1(d,r) ST BAHRIRA R HET (L4 8 R AT F
SRR RN 5. X — ML T- L AU R B B, 1(d,r) 7 T (EBLIRAS T HEAT 7 16
HFFRER BN, 2, R R T S SR PR A TR R, BT UK T B PR
SELIRKCI P ST T 5 Fetiy, 2050 FLAT W L O e R e A A, 55 T, stk Sk [9]
it T IR B IIRFAR, 0T FT.

FH SRR A RS (d,r), it

i )

2l T3 A 1
R I WY (15)

R \ \
r> 5d2 + (1 - 2> d, (16)

4) N T AT SR, LR HES AW ThR n [ (¢) RIR, IR HEE w, TE] g .
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2
% —i— Round-Robin policy, 1 zﬁ

: 1
Non-buffer policy, 2 = m

150 —e— Whittle index policy, 1 :LO

10

—m - Round-Robin policy, , - L
60

Non-buffer policy, 4 = %

Long-term average Aol (time slot)

100 o , '
= = Whittle index policy, 1 %
‘I’r _*..-r""* *° * - «m- » Round-Robin policy, 7 =L
L e A o 20
50 - - & * Non-buffer policy, ;-1
et 20
I et b *+% + Whittle index policy, ;- L
Rik-*- 20
50 100 150 200

Number of terminals

4 (FUBEIRE) FEAHEEER FEREELR

Figure 4 (Color online) Aol performance comparison of different policies under different number of terminals

WP 51

I(d,r,\) = w (;xz + (i - ;) x> , (17)
IR R G N
I(d,r, ) = wg. (18)

T, 45 MR BARRS, BEE RFEAE G0, M4 R I S 2 DA G R T B, R A B o etk &
TR

4 JEoR T TR A AE O W 28 FUAE N PR RE. 21200 5, BSIT A P 2 dim R RAE M AT [,
AL R A H A 2] TN FE RIS PR RE L. B 4 BB T ASRERFERE G BT, %29 (round-robin,
RR) g K& 0- Z2ob g 5 i kg PERE. T LUE B, BB L ImEH N G, =Fhsems T 172
GRERRALEIHEEE N LYK IES. SRR N BOR, & & H K, 0- Z2riik
W PERE S P ER SRS ARIL. [z, SRR BN, ARAERAE I 2 BEAT 1 50 (10 K 528 R B £,
BEFT S S VR RE R Z 0T 0- Zeih Hems.

SCHR [11] K37 590 e 28 LI R 5 2R (5B R O, (RIS 4 17 % 280 2 B RAE A5 B SE AR I A5
SEANTT R BL 70 A7 30T 35N T8 1R B0 1 R SEmes , B8 i (AR HLPRRR 2R 51 K48 58 BRUELAN A
MR FEP NG IS, W ITZAL AT AR AN L] A R 28 3[R I BN R (0t SRR (TR
oK, 5 OAT TARMIEL, o e i s SR A2 IR KA R BRI R 25 PP (5 R e R
I, B B A A T, A 3G N B 4 rh Ui B2 s 1k BE 22 BB 4 /). 8 TSR BT IR, A SCA
PR,

oD, SCHR [12] RIS R R T A B RIS Aol Ht R H 55 RN A TS D #E kbR
gerp RS BN 55 7 5 A5 X 2% BT ST I LA SR RD 55 3 3@ 15 B, ATE ) QoS 7 sk — i
IMEAE BARE, TS QoS 5 5K — BUNA I SE L PRI e fR ki, B e ik B fie ol 55 BIiE A i Ah 5t
2558, IR BB 55 SR A RIS SRAEAS A, B2 i oz 0 B8 I S RR AR SRAT O B R 205 08, PRk
Ve 50 T 3R A PR 9 A 5 S S 24 S o e e B 55 IR 55 o B SR AT 4 R ARAOIR AR BBl 55 1 2%
Ve, B e, ST 2R RO B, g i I HE 24 BRI vt A ek b 55 Pk B 240 TR A DX FD R UL BA
FURSE MEEER, FRAE ] — U AR AE B4 i o 2 DA BRI 5 e 2, G AU BA B 50564
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BRA, BoUh T ROCBLE NS, B M T IS AU THINRUE B4R i T A SIE, JFE LA b b
TR, BET R BN, SRS R 55 2 R AR LR SE iy, iR SEms 1k gE 55 BB IR 22
SERITR/IN; TAE T AL 7 A R I S 240 SR v A ek b 55 A 55 BB SR AR 00T, P P SO 1 e 24 423 22
TEARPR. [RIR, Bl SRR B, 45 A 5 2% 0 B R AR E STk, 3 4, A AR TE T B sk ol
FIRBESH VB, KL T I SE R RIS SR 515 SRR REZ 1A 3T Fh oG &, sl 8 i
SEHME I MR SRR 7185

BT W 8 A7 AR KB 20 N 5 IR S5 10 mMTC 35, SCHR [13] 45t 1l e A0 i 24 i 14 2
SRS R, RO R T 2% AT 3 i) L

5 ETREBREERRSERRE

SR, A5 BRI DURAE TOIRME BA S I (el e, JER SO R Ge 1 BE B8O 2. A,
B A BERAEIRAAE BB i B2V AR IR R RE, eV X XS R AN EIE 8 (context) ANE N XS Aol )
RN BURAL L. PR R rh, {5 SR FE X R GV AR BRI B A — 8 2 2, T BN [R5 455
HUAN[F R FH AT Aol M BURAR B2 W] RE A UK 2 . B ANFE 2252w BN 25 3 (platooning) ¥, H
THIFR AR, 2308 B A BT AR S AR Ak, 7E SR EeAB 5 R,  n ZE 4 BA 28 0o 1 11 . A4 B\
HA A BT B A TR NN, B0 Sk 22 B TR I, Sk 2R FRIR A A S50 25 BE A 5 ) PR o 4 4
BEAT SR, DMRIESS @ 22 4. DRIk, 52 BRI JC 4R I8 BT A 2 32 E 40 TiC 45 1 S0 15 B PR R A= AR AL K 2
. 53— TJ71H, EANE RS EE H EE AR R TE B B AT BRI, HORESAS BT 0] 3 A S B e R
WEDRE AL/, TR G 5 3o T At B, O B ) o5 AT DA — 8 P R A R e R A i R
RN S 5%, ZEANAE B 1A B T I A ) T AR BRI POBAT 3, RN BRI AR I, AR A O
FPRASE BB A HI R, 15 MRS R T Re B B . T EAT B8 L RIE I A AE,
ZERRIA) IR WTIRASAS BT AN A2 IS W] R0, 28 1] 2% 55 AR 7 52 PR A B i M2 ) e S 4 T 200 fr ¢
Ui tRASAE G T, JEARIE G THIRAS BEAT 2 BT 2 A P . e, SRR i 1 e — Aod e A
Ji iR 7 (weighted mean squared error) Kf &, HIE(5 B 2B 12 ME R 2, H AR E AR YR 1E 5 15
IR 2 1) E A

NG, AR TR BRI, 4 T E R R M (Uol) M ETEhR, HoE N

F(t) = wid(Q), (19)

Hot, w, IREEBAE ¢ N2 ERCE, 35 AFIER AR SE R, W w = 1; Q NEIRTE ¢ %
FISEPRRES o SETE AT RIS o) ZIH R ZEE, P& IRER R22AL; o(y) ARk s g, mT
IRYEA ] ARG 5 AR, Blindext iz . —IXeR 8 ZE  $R8m 255, WRIER o(y) = v
H wy =1, U Uol IBHEA Aol W WL, Uol & /M IE A5 BN Rk L&, Aol & Uol [Nl

Uol fiii& 1 i FIRZSAE 2B A SN0 2R Gk RE i et R AR, B AN Z i IR A5 2 M 22
XTSI R A P RE A AR S MR, Sk TR SR TSN (R 2R AE ARAE. S BTHIR AR (K
SI) AN A S DA ME BRI, BB S AT M CRAIE RS BB AN R, T T I T I R i
PRAE E BB RS, N4 B 7L Uol St HPIRZSE B EESE M4~17 I0EFT 2 Uol b5
I Rk

R B RN R R S8, RN B Oy — YOS5 AR P s (I 18], AEREAN IR BT 4R AT, AR
A B 2% AR A L 2 A A S BEATIRZS O & R #EAT IR M ey, 45 A dmAE ¢ W ERREAT IR ST, i
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Uy =1, B0 U, = 0. & EATEE R —MRIEIEIFIE (block fading channel), 45 i 2 i 4% 4 A
TRy p. iCARIRAE ¢ N ERIEIEIREN S, B ¢ AT IR AL M BE 08 DD il O R2 0,
WS, =1, {W S, = 0. BBk, HEMNE U, = 5, = 1 RRARSHEHAREMRLD. F5 R IR R RN, B
Uy=1H 8 =0, BT BRBCIRE SR A H, T — KB IR OO & Sl PR E 2, AT x5
SRR QBT AL BB R R BON TR B, S B B R AN R R M T R Dy

T—-1

Z WtQt

t=0

mln hm sup TIE

st Qi1 = (1 —USt)Qy + Ay, (20)
=

Tli_I}goSUP T ; E[Ui] < p,
Horb Ay Nt RIS THRZE R &R, p P ERR A I 1 v BEET 1 REREARAN B2 AR R
1) it 2k

FH T TC 2R A% i R s B4 B — ezt /N - 15 55 A0 A (A I TR) RUBE, TRT b DA 1 ST AR B AR B 24 BTl 22 () 1
SO w, BT LTI R — AN B S R AL wyyq, 08 AE ¢ B FR 2 RPIRAS BT H8 %L (update index)
S|

Jy = (wt+1 —w+ ) PQ:, (21)

Horbr o IS SBCERRIF 2. AT DA, LT AT IR AR 4, BEATIRS AL 5 AR R A I BRI
5 R BRI AN BRI E R IR R a4 Rk, RSB R BORAL 178 24 A B AT RS
BG4 i MLRE A 5 S BB B R PR AR L. e mT 45 HH — R T A A B 50 i/ A RS BE T SRS

1, if J, > VHy,
0, if.J, <VH,,

Heeb, H, G, il 2B AR Heyy = [H — p+ U5 WSS HV A Lyapunov eR#H REIBA
FIKTE Hy FIBCE DO F T30 A RO U SIGE FE SR RE 2 A1 A4, PR, DR A B8 T 24 i w2 B> I
BRARGE A THRZE Qr ATE I BRIV w,yy TFRUIRSEBIEE J,, FHKT VH,, WA IR T
N FEAE AT, IXAR 2 T DUIRES SR Bk M 8 200w UIR S SR K, JF LU LA S I FEEAE sk
IR SRS, 2 RSB, BIHT AT IE 2 (RS SR, LIRS SR A T TBRAE T+ v, RAE R SE
RS FER I % TBRAE I A BT (5. SCHR [14) CUEW]: 2 SRR AE W L P 3 SR 24 0N (°F
EIEYSE SENCZo Mt

T— 502

1

Jim sup Z wQf < = —+ V. (23)
=0

FIOL, ZH VB, WIE B SRE R RN, RS R A, 28 v R, BB H,
FRIFEMRE A, S5 SHE M XS~ 42 B A1 24 RS o SR, () 285 S S s 1 S ST R R

Kl 5 g5t IR SR R P B BASIK T H, FFT5R2%E QF BERS ARk &S. N 7 RIEFEANF
THEAE N B IGRUIRAS SRS o K AN AP I iR Z M IX A, fE0 Er, LURE 5000 AN BRA—
AN, AR AR ET 4950 NI BR A SAE w, = 1 (ATBE ), & 50 MR SRE w, = 100
R R), M&mA 1% KRR TR EE D, EREMIKTIRE. FR, 7 REPREEHr
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T T T T T T T T

l:] Context-aware weight =100
I:] Context-aware weight @ =1

——=e—— Virtual queue H,

Square error O

/ 20

Square error Q7
&2
T

Virtual queue length /,

0 ! 0
4800 4850 4900 4950 5000 5050 5100 5150 5200 5250 5300

Time slot

5 (MEMFE) ERNELERTIEBATIKEFIT 5 IRERER BT EE
Figure 5 (Color online) Variation trend of virtual queue length and squared error over time when the context changes
abruptly

SRME R IRAS SR S PRSI, BRI RN p = 1, FIPREEFIELK p = 0.1, WS
V =1, IREME A, NMSLRI AT AR &, RS NE, J7 208 10 W 5 fos, 78205
TEEER, RURASE B EHEEME S M B, BSR4 E 2 ETES, RIZ&mPLIRT p Mgt
ITIRESAR g, FORASME B 7 R 2 W BN T 8@ T 8T 1P 7 R 2, RS BB SemH PR B sy, 78 Qi
TEEESE ARG (55 5001 I BRZJ), Kl id e L fy s, AE T J7 iR 225 RIS AT IR AR H, DARMEAE
e I SRS R N R o S AR L R PR A SR P adt R v R AU A A B2, A R DL BA S P i/ e ]
I REAU BRI FEAE 9 sh 25 T BRI RS R

Kl 6 Zath 75 SRR AL RN, 15 5 18 B e U g, A B SRS BT SRS AEAN AP BPR A 5
WAAR LT 5 BRI b, X AR R IR p = 0.8, IHHIE w, B 99% HEZRET
1, L 1% MREZRAET 100, HAh SR K 5. T, OB LE(S B 518 B2 S A0 IR 2 58 SR e i )
TEBENUR AT AL HIRE AR 20 A1, T SRS SE T SR i e vt v AR 7 I B AL B (R I (B AR 22 1
HIRSME S T7 22, TEFRPRASTEHAR LR T 0.1 B, B IE SR BH SRS T s B EEE 515
BEEE N LFES, £ FPRETHME EIRNT 0.1 s aEEEGE. B, MRS R e LA
B, 15 BAERE B U IR AS SR 5% 5 1 3 NOIR A SR SR (1045 15 508 B 2 BR O I .

IR W T AT, AH TR IR — I B E B E w,p, XAESERR RG AR AE LS. D,
SCHR [15,16] $EH 7 — R T AE LRI 52 2 (reinforcement learning, RL) 575k = SIE AL E AL 1)
Titk. PR R IR, T RL SHVEI 5T 50 AL 5 S BRI g ik B3 el L i) Ve R, T 2E BE BT
ARG /NN, 5 3 A T2 T AR I B SRS . E— 2P, SOk [17) B TIRESE RS R AU A
i RN BE B LG DL SR AT 55 #180 SET SEng, IR R AU 48 ILSVRC17-VID L1733
THGAE. 6f e O TAE S Al FHAAME B R 2 S mE, I SRmE 1 H bRl i e D) 28 50 .

NE— 0 R TSRS SR SEE I RCR,, A TAESE0 = HE 2 7 24BN (platooning) 3K 524
NP G, B EE PR TER LI T 2 ERA N MINE . Bl 7 B, PN EERBE K ZEAT I,
SREAWT HE 5 SR EDRAS, BB N R oE A S Bl O R R A S AT R EE . AR F
Ja B B A% BUS 4 5 AT AR I R AR AL, JUDRE J5 4 1R s PSRRI 7 1) ORI A S . AR TG IEAE R, T
RSB BEHA LN, KRBT EN 2 FECGRT4 R AR, £V Aol SR RNg T, 527 LA
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y— A )

I v I \ 4 T T #_A
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6 (MEMFE) FERREERMIERRRE. FRFR SN ERRIIBERRSEH R MEREX L

Figure 6 (Color online) Performance comparison of Uol-optimal strategy, Aol-optimal strategy, and adaptive scheme

B 7 (MERFEE) RARELIE. (a) EWZBTRBE, VKEFLEENEFEHITHA. (b) FWERA
ZEPREERE, R EREAEELMNEERE. () FMBARAETEREREEMNRERE, RRAERY
K EIEEATNEFEE

Figure 7 (Color online) Brake experiment of vehicle platooning. (a) There is no communication between vehicles, and only
LiDAR is used to measure the distance between vehicles for platooning. (b) The vehicles adopt a periodic communication

strategy and also use LIDAR to measure the distance between them. (c) The vehicles adopt an Uol-based communication
strategy and also use LiDAR to measure the distance between them

L5 N, B i AR, FE3E T8 B A B A5 v 5 2R R SO R, A Ak, A ER
DR A 2R BAAE ST AT B RE AR, SR EANRORAE S, BB Tl AE SR, DR Sk 20 20R) 4 (R s 18] el T LR
PRI 2R T S S SR T U AR R R NEAE I B AT, B I SRS ST SR e i
S r RS SRS, A Rl 2 A 25 Bt R 2 P AT B vt i N 25 Bt ) 28

6 =4

ARSCH PRI 6G AR, e T SR B n] SEIRRE @ (5 « TH5E 5% 1] (uRLLC?) (12
WHIT%, AL 6G MZHGE KRR B m 5 BIUER, DUE SRR H ARSI E PG 5 H R 5
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Bl E5G, BEXET YR RN ] b R AT AR SARSE R R EET TR, R HERK 6G MR ESZIILLT 3
ANBEEE: (1) WORIER R A S AT S MR (2) A SCIEIRAS RE M A SVE AR B Rt DL& (3) A
SRUE VB I [ SVE A A PRI RS E. 85, MHEBNAE i LB B EL o ) B &, 9 uRLLC3 {58
BURME T LR 7R, Bl uRLLC? AR LR R ARL 55 1520 5 B URIE B A BEALIE, JF 7 ZE 51 BT i L 4
bR, WA, uﬂiﬂ%’*‘”%ﬂﬂ%hiﬂ’]*” ? ], e RS B R (S B AR (Aol) PERESR bR A EAL
b, SRR A5 B FEEIEE (Uol), HAEMIERL 45 H LA Uol & X i
DL IS 3 2 o i B2 5 P 3%, @ﬂEFﬁTm Uol $8FRIIAT R

Bift AXWEREETRABERRE (FEAY). DFREAE (AR XEBAF). AREL I
BAEL, UR TR EF 08, £ — o Rl
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uRLLC3: ultra-reliable and low-latency communication,
computing, and control for 6G networks

Zhisheng NIU

Department of Electronic Engineering, Tsinghua University, Beijing 100084, China
E-mail: niuzhs@tsinghua.edu.cn

Abstract Ultra-reliable and low-latency communication (uRLLC) is a new service category in 5G and beyond to
accommodate mission-critical services and applications, such as autonomous driving and industrial IoT (Internet
of Things). But, fundamentally, provisioning of high-reliability and low-latency is contradicting each other, i.e.,
normally improving reliability may cause longer delay and shortening delay may harm reliability. How to improve
both of them is a big challenge, in particular when the service characteristics and available network resources
are stochastic and limited in 5G/6G networks. In this regard, as the theory of dealing with stochastic nature
of user behavior and resource availability, some perspectives on achieving uRLLC inspired by queueing theory
will be discussed. Meanwhile, as 5G/6G and Internet-of-Things (IoT) technologies are deeply integrated into
vertical industries such as autonomous driving and industrial robotics, timely status updates (TSU) with ultra-
reliable and low-latency are crucial for remote monitoring and controls. In this regard, age of information (Aol)
has been proposed to measure the freshness of status updates. However, it is irrelevant to context and just
a metric changing linearly with time. We propose a context-aware metric, named as urgency of information
(Uol), to measure the nonlinear time-varying importance and the non-uniform context-dependence of the status
information. Then we establish a theoretical framework for Uol characterization and provide Uol-optimal status
updating and user scheduling schemes. Simulation results show that the proposed updating and scheduling
schemes notably outperform the existing ones, such as round robin (RR) and Aol-optimal schemes in terms of
Uol, error-bound violation, and control system stability.

Keywords mobile communication, 6G, ultra-reliable and low-latency, vehicular network, age of information,
information timeliness
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